Abstract
Introduction
The integration and processing of information by the neocortex is dependent on the activity of pyramidal neurons (PNs), the principal cells of the cortex. In turn, the output of PNs is highly dependent on synaptic interactions with local-circuit interneurons that synthesize and release GABA. These inhibitory interneurons are quite diverse in their morphological, neurochemical, and electrophysiological phenotype (Cauli et al. 1997; Gupta et al. 2000; Kawaguchi 2001;  Kawaguchi and Kubota 1997; Thomson et al. 1996) . In addition, distinct subclasses of interneurons selectively innervate specific functional domains of the PN membrane. For example, basket cells provide potent inhibition to the soma and proximal dendrites, whereas other types of interneurons form synaptic contacts exclusively on the axon initial segment or onto specific apical dendritic domains (Buhl et al. 1994; Tamas et al. 1997) . Soma-targeting interneurons are of particular interest as they maintain high firing rates in vivo and are ideally positioned to constrain PN firing and regulate synchronous activity (Cobb et al. 1995; Miles et al. 1996 ; reviewed in Paulsen and Moser 1998) . Thus, the integrative properties of PNs may depend on their ability to selectively modulate the strength of these somatic inhibitory inputs. A candidate mechanism for regulating perisomatic inhibition is depolarization-induced suppression of inhibition (DSI), a form of short-term plasticity at GABAergic synapses originally described in cerebellum and hippocampus (Llano et al. 1991; Pitler and Alger 1992) .
Depolarization-induced suppression of inhibition is mediated by fast retrograde signaling. In general, postsynaptic depolarization results in the synthesis and release of an endocannabinoid that acts presynaptically to suppress GABA release, as shown in the hippocampus, cerebellum, and neocortex (Kreitzer and Regehr 2001a; Maejima et al. 2001; Ohno-Shosaku et al. 2001; Trettel and Levine 2003; Wilson and Nicoll 2001) . The two best characterized endocannabinoids, arachidonylethanolamine and 2-arachidonylglycerol, inhibit neurotransmitter release by activating the G i/o -coupled type-1 cannabinoid receptor (CB1R, reviewed in Di Marzo et al. 1998 ). In the neocortex, CB1R expression is primarily restricted to a subclass of interneurons that co-express the neuropeptide cholecystokinin (CCK, Marsicano and Lutz 1999) and that selectively innervate the soma and basal dendrites of PNs (Kawaguchi 2001; Kawaguchi and Kubota 1997; Wang et al. 2002) . Consistent with these anatomical and physiological studies, we recently demonstrated that endocannabinoid-mediated DSI in the neocortex selectively targets perisomatic inhibitory inputs (Trettel et al. 2004 ).
The range of stimuli that trigger neocortical DSI and its impact on the regulation of PN output are not well characterized. We have recently shown that a single train of postsynaptic APs is sufficient to induce endocannabinoid-mediated DSI (Trettel et al. 2004) . In the present studies, we examined the relationship between the level of postsynaptic activity and DSI expression. To begin to explore the consequences of neocortical DSI on PN firing, we examined the responsiveness of PNs to excitatory synaptic input during AP-induced DSI.
Materials and Methods

Slice Preparation
Swiss CD-1 mice (P12 -20; Charles River, Wilmington, MA) were sacrificed according to guidelines approved by University of Connecticut Health Center Animal Care Committee. Brains were harvested and immersed in "cutting and incubating" solution composed of (in mM): 125 NaCl, 2. ).
Electrophysiology
Recordings were obtained from layer 2/3 pyramidal neurons (PNs) that were visually identified using infrared DIC video microscopy. All recorded neurons responded to a 500 ms depolarizing current injection with spike frequency adaptation typical of PNs (Connors and Gutnick 1990; McCormick et al. 1985) . Spontaneous inhibitory postsynaptic potentials (sIPSPs) were recorded under whole-cell current clamp configuration with patch electrodes made from borosilicate glass ). Excitatory currents were evoked using a bipolar tungsten electrode placed 100-200 µm lateral to the recorded neuron.
Evoked PSPs and sIPSPs were filtered at 2.9 kHz and digitized at ≥6 kHz using a HEKA EPC9 DMSO, which by itself had no effect on synaptic transmission (data not shown).
Data Analysis
Data were analyzed using PulseFit (Heka Elektronic) and MiniAnalysis (Synaptosoft, Decatur, GA) software. In order to quantify changes in both frequency and amplitude of sIPSPs, we integrated the area of individual IPSPs to yield total synaptic area (A; mV . ms) within 2 s bins.
Percent suppression was calculated as 1 -(A post /A pre )] *100. Spike probability and evoked PSP amplitudes were used to measure the responsiveness of PNs to evoked synaptic input. Only
APs that occurred within the first 50 ms after the stimulus were included in the analysis. In some traces the stimulus artifact was blanked for clarity. Data were compared using repeated measures ANOVAs or Student's paired t tests and are presented as mean ± SEM.
Results
Action potential-induced DSI in the neocortex is enhanced by cholinergic stimulation
Endocannabinoids, which are synthesized and released by depolarization and subsequent The increase in DSI magnitude can be attributed to the higher level of spontaneous activity in the presence of CCh, whereas the increase in duration may reflect a direct effect of CCh on endocannabinoid production (Kim et al. 2002) . In addition, the effect of CCh on spontaneous activity appeared to be selective for DSI-sensitive inputs because the residual synaptic area (i.e., the area representing DSI-insensitive inputs) was not different between the baseline and CCh conditions (Figure 1 C) .
Neocortical DSI is dependent on the number and frequency of postsynaptic APs
To investigate the relationship between postsynaptic activity and DSI expression, we examined the effect of trains that differed in AP number and frequency on sIPSP area in the presence of Endocannabinoid signaling at the synapse is thought to be regulated by a process involving carrier-facilitated diffusion (Beltramo and Piomelli 2000; Beltramo et al. 1997; Hillard et al. 1997; Piomelli et al. 1999) . Under voltage clamp conditions, application of the endocannabinoid reuptake inhibitor N-(4-hydroxyphenyl)-arachidonylamide (AM404, Beltramo et al. 1997) modulates the kinetics and magnitude of neocortical DSI (Trettel and Levine 2003) . In the hippocampus, repeated epochs of depolarization in the presence of AM404 leads to occlusion of DSI likely owing to the build up of endocannabinoids (Wilson and Nicoll 2001) . Because these earlier experiments were performed under voltage-clamp conditions, however, we examined the effect of reuptake inhibition on DSI when membrane potential was unclamped. A train of 5 APs was used to induce submaximal DSI, and the magnitude and duration of this suppression was markedly potentiated by AM404 (25 µM). In particular, the peak magnitude of suppression was increased from 35 ± 5% under control conditions to 77.5 ± 8.6% in the presence of AM404
(Figure 2 C, n = 5, p< 0.05).
We also explored the relationship between DSI and the frequency of APs within the train. 
Cannabinoids enhance PN firing
Activation of postsynaptic GABA A receptors plays an important role in controlling neuronal excitability by increasing the membrane's conductance to Cl -ions. These synaptic conductances provide potent inhibition that opposes the depolarizing influence of excitatory synaptic input by shunting depolarizing current and clamping the membrane potential near V rest .
We have shown that activation of CB1R by WIN55,212-2 decreases the magnitude of spontaneous (Trettel et al. 2004) , as well as evoked inhibitory inputs (Trettel and Levine 2002) .
Based on these results we hypothesized that when both glutamatergic and GABAergic afferents are stimulated, the activation of CB1Rs by exogenous or endogenous cannabinoids should lead to an increase in PN excitability by suppressing GABA release. We therefore examined the effects of WIN55,212-2 on the threshold current needed to evoke a single AP via synaptic We also analyzed PN responsiveness to synaptic input under conditions in which stimulus intensity was held constant, because changes in the stimulation intensity could potentially lead to activation of different afferent fibers. Under baseline conditions, the stimulus intensity was set to produce a low probability of evoking an AP (i.e., < 0.3). In the presence of WIN55,212-2, the probability of AP generation markedly increased from 0.20 ± 0.05 to 0.70 ± 0.06 after 10 min of drug exposure (Figure 4 
AP-induced DSI transiently enhances PN responsiveness
We next explored whether endocannabinoids released by a train of postsynaptic APs would also modulate PN firing. Similar to the above experiment, the baseline stimulus intensity was set so that the probability of evoking an AP was low. As shown in the representative raster plots in We performed two additional experiments to confirm that the increase in AP probability was directly due to decreased GABA receptor activation. First, we examined the effects of the AP train on spike probability in the presence of the GABA A antagonist GABAzine. Because exposure to GABAzine (20 µM) by itself increased spike probability, we adjusted the stimulus intensity to re-establish a low probability of spiking after GABAzine was washed into the recording chamber. Under these conditions, the AP train did not increase spike probability completely blocked this effect. In addition, the peak magnitude of DSI matched the reduction in sIPSPs produced by an exogenous cannabinoid (data not shown). Furthermore, an endocannabinoid reuptake inhibitor increased the magnitude and duration of DSI, confirming that reuptake plays a dynamic role in regulating endocannabinoid signaling in the cortex.
Therefore, neocortical PNs appear to dynamically control a subset of inhibitory inputs through the activity dependent release of endogenous cannabinoids.
In a recent study using hippocampal slices it was found that AP trains that were intended to mimic in vivo neuronal activity failed to induce DSI (Hampson et al. 2003) , although an earlier study clearly indicated that hippocampal DSI can be induced by similar AP trains (Pitler and Alger 1992) . In the neocortex we found that DSI could be reliably induced with a brief AP train under control conditions, and activation of muscarinic acetylcholine receptors enhanced the magnitude and duration of DSI (present study and Trettel et al. 2004 ), similar to results obtained in the hippocampus (Pitler and Alger 1992) . This cholinergic enhancement was most likely due to the increased activity of CB1R-expressing inputs (Martin and Alger 1999; Trettel et al. 2004) as well as direct facilitation of endocannabinoid production by PNs (Kim et al. 2002) . There is also evidence that activation of metabotropic glutamate receptors (mGluRs) can initiate endocannabinoid release (Varma et al. 2001) . Excitatory synaptic input, therefore, may induce endocannabinoid release via direct depolarization-induced calcium influx in combination with mGluR activation (Brown et al. 2003; Maejima et al. 2001) . Because the present studies induced DSI with APs generated via somatic current injection, we may have actually overestimated the threshold activity requirements for inducing DSI in the cortex.
To address the physiological significance of endocannabinoid-mediated DSI at neocortical synapses we examined the responsiveness of PNs to mixed glutamatergic and GABAergic synaptic stimulation. We found that the cannabinoid receptor agonist WIN55,212-2 increased the probability of AP generation and also increased the amplitude of the mixed PSP (in trials where stimulation failed to evoke an AP). A brief train of postsynaptic APs sufficient to induce DSI also increased the probability of synaptically-evoked spiking, similar to an effect demonstrated in the hippocampus (Wagner and Alger 1996) . The time course of this enhancement of PN responsiveness paralleled the expression of DSI and was completely blocked by AM251, indicating that it was mediated by endocannabinoids. The increase in excitability was not due to direct postsynaptic effects because there was no change in either the resting membrane potential or the threshold for inducing an AP by somatic current injection.
This effect was also not due to a direct cannabinoid-mediated enhancement of excitatory inputs because WIN55,212-2 did not enhance, but in fact slightly depressed, the magnitude of isolated EPSCs, consistent with a previous study in the neocortex (Auclair et al. 2000) . Thus, the most plausible explanation for the increase in PN responsiveness following the AP train is an endocannabinoid-mediated reduction in GABAergic inhibition. This is further supported by the finding that blocking GABA A -mediated inhibition with GABAzine mimicked the increase in PN excitability, and at lower stimulation intensities, occluded the increase in PN excitability following a subsequent AP train.
Although both excitatory and inhibitory inputs in the cortex were suppressed by cannabinoids, the predominant effect of endocannabinoid release induced by a brief train of APs was a transient suppression of GABAergic inputs that increased the effectiveness of excitatory inputs.
Under other conditions the suppression of excitatory inputs may prevail, leading to long-term depression (LTD, Sjostrom et al. 2003) . In the hippocampus, brief postsynaptic depolarization elicits DSI, whereas prolonged depolarization can also induce depolarization-induced suppression of excitation, or DSE (Ohno-Shosaku et al. 2002) . Conversely, in the cerebellum, only brief periods of depolarization are required to induce either endocannabinoid-mediated DSI or DSE (Kreitzer and Regehr 2001a, b) . While CB1R is clearly expressed on both glutamate and GABA terminals in cerebellum, its expression in the hippocampus and cortex is predominately on inhibitory terminals (Egertova et al. 1998; Katona et al. 1999; Marsicano and Lutz 1999 Robbe et al. 2001 ) and repetitive afferent stimulation produces endocannabinoidmediated LTD (Gerdeman et al. 2002; Robbe et al. 2002) . Thus, the net effect of endocannabinoid release in different brain regions will depend on the distribution and type of receptors present as well as the specific activity paradigms under study.
When the present results are taken within the context of our previous observation that DSI is selective for perisomatic inputs to PNs (Trettel et al. 2004) 
